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SUMMARY

Safer and more effective human rotavirus (HRV) vaccines are needed. We evaluated oral priming with
attenuated WaHRV (AttHRV) followed by boosting with two intranasal (IN) doses of VP2/6 virus-like
particles (2/6 VLP) with immunostimulating complexes (ISCOM) to determine if this regimen induces
protection against diarrhoea and viral shedding in the gnotobiotic pig model. IgM, IgA and IgG anti-
body titres in serum and intestinal contents were quantified by enzyme-linked immunosorbent assay
(ELISA) and serum neutralizing antibody titres were measured by a virus neutralization (VN) test.
Seven groups of neonatal gnotobiotic pigs were vaccinated at post-inoculation days (PID) 0, 10 and 21
and challenged with virulent WaHRYV at PID 28. The vaccine groups included: (1, 2) oral priming with
AttHRYV and boosting with two IN immunizations with 2/6 VLP-ISCOM (Att + 2/6 VLP-ISCOM) at
VLP concentrations of 250 ug or 25 ug; (3, 4) three IN immunizations with 2/6 VLP-ISCOM at VLP
concentrations of 250 ug or 25 ug (2/6 VLP-ISCOM); (5) three oral immunizations with AttHRV
(3xAttHRYV); (6) one oral immunization with AttHRV (1xAttHRV); (7) controls (ISCOM matrix and/
or diluent). The pigs that received 3xAttHRV or Att + 2/6 VLP250-ISCOM had the highest protection
rates against diarrhoea upon challenge at PID 28 with virulent WaHRV. The IgA antibody titres to HRV
in intestinal contents were significantly higher in the Att + 2/6 VLP250-ISCOM group than in all other
groups prechallenge (PID 28). Serum VN antibody titres were statistically similar after the first inoc-
ulation among the groups given AttHRYV, but at PID 28 VN antibody titres were significantly higher for
the 3xAttHRV and Att + 2/6 VLP250-ISCOM groups than for the 1xAttHRV group suggesting that
boosting with 2/6 VLP also boosted VN antibody responses. In humans, intestinal IgA antibodies have
been correlated with protection against symptomatic reinfection. Thus the vaccine regimen of one oral
dose of AttHRV and two IN immunizations with 2/6 VLP250-ISCOM may be an alternative to
multiple-dose live oral vaccines in humans.
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INTRODUCTION

Rotavirus gastroenteritis is responsible for the deaths of 600 000—
870 000 children worldwide, with the highest impact in developing
countries [1]. Recently, the first licensed rotavirus vaccine, a
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tetravalent reassortant rhesus rotavirus, was associated with an
increased risk of intussusception and was withdrawn in October
1999 [2.,3].

The gnotobiotic pig model of human rotavirus (HRV)-
induced diarrhoea has the advantage of susceptibility of pigs to
HRV-induced disease, a lack of maternal antibodies and similarity
to infants in development of mucosal immunity [4]. We studied a
new prime/boost strategy for rotavirus vaccination using oral
priming with attenuated HRV (Wa strain) followed by boosting
with two intranasal (IN) doses of recombinant VP2 (from RF
bovine rotavirus)/VP6 (from Wa HRV) virus-like particles (2/6
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VLP). This same regimen induced partial protection and intesti-
nal antibody secreting cell (ASC) responses in gnotobiotic pigs
using 2/6 VLPs with mutant Esherichia coli heat labile-toxin
(mLT) as adjuvant (58% and 44% protection rates against virus
shedding and diarrhoea, respectively) [5]. In the same study prim-
ing with 2/6 VLP + mLT followed by boosting with oral AttHRV
was also examined, but this vaccine regimen induced only low
protection rates, so it was not repeated in the present study.
Although we have studied ASC responses previously in systemic
and intestinal tissues after oral AttHRV priming and oral 2/6 VLP
boosting [6], neutralizing and isotype antibody responses in
serum and intestinal contents following the use of 2/6 VLP vac-
cines with ISCOM adjuvant-administered IN have not been
examined. Analysis of such antibody responses is important for
comparison with the corresponding serum and faecal antibody
responses in human infants given rotavirus vaccines. Immune
stimulating complex (ISCOM) are cage-like structures composed
of cholesterol and Quillaja saponins [7,8]. They stimulate activa-
tion of lymphocytes through the production of proinflammatory
cytokines and subsequent leucocyte migration [9,10]. ISCOM
have been used previously as adjuvants and delivery vehicles with
appropriate antigens against a variety of pathogens in different
animal models and humans [6,8,11,12]. Only in our previous stud-
ies have ISCOM been used with VLPs to elicit intestinal immu-
nity to rotavirus [6]

Double-shelled VLPs were generated using recombinant bac-
uloviruses expressing the individual rotavirus proteins VP2 and
VP6 [13]. The rotavirus inner capsid is composed of the VP2 core
and surrounded by VP6, the major inner capsid protein [14,15]. In
the murine model, the generation of non-neutralizing IgA mon-
oclonal antibodies to VP6 using a back-pack tumour was suffi-
cient to protect adult mice against primary rotavirus infection and
induce viral clearance in chronically infected mice [16]. In con-
trast, in sucking mice, only IgA VN antibodies to the VP8 subunit
of VP4, but not IgA antibodies to VP6, were protective against
diarrhoea [17]. Because it accounts for more than 50% of the vir-
ion mass, VP6 is a dominant antigenic target for HRV-specific IgA
antibodies detected in faecal specimens [15,18,19], but its role in
eliciting protective immunity is controversial.

Intestinal (or faecal) and, in some studies, serum rotavirus-
specific IgA antibody titres correlate with protection against rein-
fection in humans and in different animal models. In children with
acute rotavirus infection, higher serum titres of rotavirus-specific
IgA antibodies were correlated with less severe symptoms [20,21].
Other researchers have demonstrated that children with higher
serum rotavirus-specific IgA antibody geometric mean titres
(GMT) were better protected against reinfection [21,22]. Chil-
dren that had persisting high titres of rotavirus-specific IgA anti-
bodies in stools showed lower rates of reinfection [23].
Vaccination studies in pig and mouse models, revealed intestinal
rotavirus-specific IgA antibody titres and ASC were also associ-
ated with protection after challenge with virulent rotavirus [5,24—
28]. Serum neutralizing antibodies have also been correlated with
protection against secondary HRV infection in children [29,30],
but there is still controversy about their role in protection
[20,29,31]. Higher serum HRV-specific IgG antibody GMT were
also correlated with protection in some studies [21,22] but not in
others [24].

In this study we determined rotavirus-specific IgA, IgM and
IgG antibody titres in serum and small and large intestinal con-
tents by enzyme-linked immunosorbent assay (ELISA) and

serum neutralizing antibody titres by a VN assay. Rates of pro-
tection induced by oral immunizations with AttHRV, IN
immunizations with recombinant (bovine-human) 2/6 VLP with
ISCOM matrix as adjuvant or the two vaccines combined
(Att +2/6 VLP-ISCOM) in a prime/boost strategy were com-
pared. Prior rotavirus vaccines were based on three doses of
AttHRY, so the responses detected in the Att + 2/6 VLP-ISCOM
group were compared with those obtained from pigs that received
three oral doses of AttHRV (3xAttHRV). A group that received
three doses of 2/6 VLP (2/6 VLP-ISCOM)), a vaccination regimen
shown previously to be unprotective in pigs when used with E.
coli mLT adjuvant [25], was also studied to determine if ISCOM
would stimulate higher and protective immune responses. Finally,
to determine the booster effect of the 2/6 VLP-ISCOM on the
responses elicited by the Att + 2/6 VLP-ISCOM vaccine, we vac-
cinated a group of pigs with AttHRV alone (1xAttHRV).

MATERIALS AND METHODS

Virulent rotavirus

Virulent Wa HRV (P1A, G1) was pooled from intestinal contents
of gnotobiotic pigs after the 18th pig passage. Pigs were chal-
lenged with virulent HRV at a dose of 10° IDs, in order to assure
that 100% of the primary mock-inoculated pigs developed
diarrhoea after challenge [32].

Attenuated virus

The attenuated cell-culture adapted HRV Wa strain (P1A,G1)
was used at the 27th passage level in monkey kidney cells
(MA104). It was used for oral inoculation of gnotobiotic pigs at a
dose of 5 x 107 fluorescent focus-forming units and for the immu-
noassays [28].

Recombinant 2/6 virus-like particles (VLP)

The 2/6 VLP containing bovine rotavirus VP2 (RF) and human
rotavirus VP6 (Wa) were produced in Spodoptera frugiperda 9
insect cells, as described previously [6]. The assembled 2/6 VLPs
were purified by CsCl density gradient ultracentrifugation. Char-
acterization of the VLPs was performed by immune electron
microscopy (IEM), Western blot, protein and endotoxin assays

[6].

VLP-ISCOM preparation

To increase the capacity of the 2/6 VLPs to bind to ISCOM
matrix, they were mixed with 2 M LiCl for 30 min at room tem-
perature and then incubated overnight at —70° [6]. The LiCl-
treated 2/6 VLPs (positively charged by the Li + ions) were mixed
with lyophilized ISCOM matrix (1 mg of 2/6 VLP per 5 mg of
ISCOM matrix) and then dialysed in 0-09% NaCl solution for
72 h. The association of 2/6VLPs with ISCOM matrix was con-
firmed by IEM.

Gnotobiotic pigs

Near-term pigs were derived aseptically by hysterectomy and
kept under sterile conditions in isolation units as described pre-
viously [32]. The gnotobiotic pigs were assigned to one of the fol-
lowing seven groups: (1, 2) one oral immunization with Wa
AttHRYV and two IN immunizations with recombinant 2/6 VLP at
a VLP dose of 250 ug + ISCOM dose of 1250 ug or at a VLP dose
of 25 ug + ISCOM dose of 125 ug per dose (Att+2/6 VLP-
ISCOM); (3, 4) three IN immunizations with 2/6 VLP at a VLP
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dose of 250 ug + ISCOM dose of 1250 ug or at a VLP dose of
25 ug + ISCOM dose of 125 pg per dose (2/6 VLP-ISCOM); (5)
three oral immunizations with AttHRV (3xAttHRV); (6) one oral
immunization with AttHRV (1xAttHRV); and (7) controls: three
IN immunizations with ISCOM matrix or one oral immunization
with diluent and two IN immunizations with ISCOM matrix. The
first inoculation was performed at 3-5 days after derivation (post-
inoculation day 0, PID 0). Subsequent inoculations were at 10
(PID 10) and 21 days (PID 21). All procedures were conducted in
accordance with protocols reviewed by the Ohio State Univer-
sity’s Institutional Laboratory Animal Care and Use Committee.

Assessment of protection

At PID 28, subsets of pigs from each group were challenged with
virulent HRV (post-challenge day 0, PCD 0) and observed for
6 days for signs of diarrhoea. Faecal consistency was scored as fol-
lows: 0: normal; 1: pasty; 2: semiliquid; 3: liquid. Faecal scores
equal to or greater than 2 were considered diarrhoeic. The mean
cumulative faecal score was calculated as the sum of daily faecal
scores from PCD 1-6 divided by the total number of pigs in each
of the groups. Rectal swabs were collected daily and virus shed-
ding was determined in rectal swabs fluids by antigen capture
ELISA and cell-culture immunofluorescence assay (CCIF) as
described previously [33].

Blood and intestinal contents

Blood samples were collected at PID 0, 10,21, 28/PCD 0 and PID
35/PCD 7. Serum was collected and complement inactivated at
56°C for 30 min, then stored at —20°C until tested. Small intestinal
contents (SIC) and large intestinal contents (LIC) were collected
only at euthanasia at PID 28/PCD 0 and PID 35/PCD 7. The LIC
or SIC were diluted 1 : 2 in diluent containing protease inhibitors
(25 ug trypsin inhibitor and 5 ug leupeptin; Sigma, St Louis, MO,
USA). The intestinal contents were stored at —20°C until tested.

ELISA for antibody isotypes

Rotavirus-specific IgA, IgM and IgG antibody titres were deter-
mined as described previously [34]. Briefly, the reagents were
added to 96-well microtitre plates coating initially with guinea pig
antibovine rotavirus hyperimmune serum (incubated overnight at
4°Cor 2 h at 37°C). Washes were performed four times with phos-
phate buffered saline (PBS)-Tween 0-5% between each step and
most of the incubations, unless otherwise stated, lasted 1 for h at
37°C. The plates were blocked with 2% non-fat dry milk (incu-
bated overnight at 4°C) followed by the addition of a 1 : 3 dilution
in PBS (pH 7-4) of semipurified rotavirus or mock-infected
MAT104 supernatants. Serial fourfold dilutions of serum or intes-
tinal contents in 2% non-fat dry milk were followed by the addi-
tion of biotin-labelled monoclonal antibodies to porcine IgM
(KPL Laboratories, Inc., Gaithersburg, MD, USA), IgG (clone
3H7D7) or IgA (clone 6A11). Streptavidin-horseradish peroxi-
dase was added (Roche, Indianapolis, IN, USA) and 2-2'-
azino-bis(3-ethylbenz-thiazoline-6-sulphonic acid (ABTS- Sigma,
St Louis, MO, USA) was used as a chromagenic substrate. The
antibody titres were calculated as the reciprocal of the sample
dilution which had a mean absorbance greater than the mean of
the negative controls (three negative controls per plate) plus
three standard deviations, after subtracting mock-coated well
absorbances from antigen-coated well absorbances for each sam-
ple. Serum samples were considered positive for IgA or IgG if the
value was positive at a dilution of >1:4. Some serum negative

samples (controls and PID 0 samples) had background reactions
at 1 :4 for IgM antibodies; for this reason the initial test dilution
was 1:16. For intestinal contents, all three isotypes were consid-
ered positive above a 1 : 4 dilution. Each plate had a positive con-
trol with a known antibody titre that was used to estimate
reproducibility of the individual assays.

Virus neutralization assay

To determine rotavirus VN antibody titres in serum samples, four-
fold dilutions of the sera were mixed with equal volumes of Wa
HRYV (initial dilution 1 : 4) as described previously [28,33]. Briefly,
after incubation at 37°C for 1 h, the virus-antibody mixtures were
added to MA104 monolayers, incubated 1 h at 37° and the agar
overlay added. The plates were incubated at 37°C and plaques
were counted at 4-5 days. Titres were expressed as the reciprocal
of the serum dilution that reduced the number of plaques by 80%
compared to the control.

Statistical analyses

Antibody responses were compared using one-way analysis of
variance followed by Duncan’s multiple-range test (SAS Inc.,
Cary NC, USA) using log-transformed data. Percentage of pigs
with diarrhoea and shedding, intestinal content conversion and
seroconversion rates were compared using Fisher’s exact test. A
P-value of <0-05 was considered significant.

RESULTS

The Att + 2/6 VLP250-ISCOM and 3xAttHRV groups had the
highest protection rates against diarrhoea and shedding after
challenge with virulent Wa HRV

Pigs in the Att + 2/6 VLP250-ISCOM and 3xAttHRYV groups had
the highest protection rates against diarrhoea (71% and 44%,
respectively) and shedding (71% and 67%, respectively)
(Table 1), and these rates did not differ statistically for the two
groups. All the pigs from the 2/6 VLP250-ISCOM and control
groups developed shedding and diarrhoea following challenge. A
2/6 VLP vaccine dose effect with respect to virus shedding was
detected among the Att + 2/6 VLP250-ISCOM, Att + 2/6 VLP25-
ISCOM and 1xAttHRYV groups with 71%, 34% and 14% protec-
tion against viral shedding, respectively, but only shedding in the
1xAttHRYV group differed statistically from the other two groups.

The Att + 2/6 VLP250-1SCOM group had the highest percentage
of intestinal content conversion for IgA and IgM antibodies at
PID 28/PCD 0

At prechallenge (PID 28/PCD 0), the Att + 2/6 VLP250-ISCOM
group had the highest percentage (100%) of pigs with IgM and
IgA antibody titres to HRV in LIC and SIC, but no significant dif-
ferences were detected compared to the 3xAttHRV and
1xAttHRV groups in IgA antibody titres in SIC (Table 2). Post-
challenge (PID 35/PCD 7), all pigs had IgA and IgM antibody
titres in LIC and SIC, except for the 3xAttHRV group in which
90% of pigs had IgM antibody titres to HRV and the control
group that failed to develop IgA antibody titres by PID 35/PCD 7,
but had IgM antibodies consistent with a primary immune
response.

At PID 28/PCD 0, the 2/6 VLP250-ISCOM group had the
highest IgG conversion rate in intestinal contents. The percentage
of pigs with IgG antibody titres to HRV was variable between SIC
and LIC; higher percentage positives were detected in SIC for the
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Table 1. Protection rates against virus shedding and diarrhoea in gnotobiotic pigs receiving the various vaccination regimens®

Percentage of pigs with

Protection rate (%) Protection rate (%)

Vaccination group® n* Virus shedding” Diarrhoea* against shedding® against diarrhoea’
Att+2/6 VLP250-ISCOM 7 29B 29B 71 71
Att+2/6 VLP25 -ISCOM 3 66B 100A 34 0
2/6 VLP250-ISCOM 5 100A 100A 0 0
3xAttHRV 9 33B 56B 67 44
IxAttHRV 7 86A 100A 14 0
Controls 12 100A 100A 0 0

*Gnotobiotic pigs receiving the various vaccination regimens at PID 0, 10 and 21 were challenged with virulent WaHRV at PID28. Diarrhoea scores
and virus shedding were determined at PCD 0-6. n = Number of pigs. Proportions in the same column with different superscript letters differ significantly
(Fisher’s exact test). A portion of this protection data was published previously by Tosef et al. [6]. "Determined by ELISA and cell-culture immunofluo-
rescence infectivity assay (CCIF). ‘Diarrhoea determined by faecal scores greater or equal to 2: faeces were scored as follows: 0 = normal; 1 = pasty;
2 = semiliquid; 3 = liquid. *Protection rate = [1-(% of vaccinated pigs in each group with diarrhoea-shedding/% of control pigs with diarrhoea-shedding)]

x100.

Table 2. Percentage of conversion in intestinal contents for IgM, IgA and
IgG antibodies in gnotobiotic pigs receiving the various regimens*

SIC®  SIC®  SIC*  SIC" SIC" SIC®

Att +2/6 VLP250-ISCOM 100" 100*  100* 100*  16° 7178

2/6 VLP250-ISCOM 33.38 1004 66-6° 100% 66-6% 804
3xAttHRV 66-6° 904 938 1004 462 368
IxAttHRV 758 100* 758 1000 25% 428
Controls 0°¢ 100* 0°¢ 0® 0 0°¢

“Gnotobiotic pigs receiving the various vaccination regimens were
euthanized at PID 28/PCD 0 or PID 35/PCD 7 and LIC and SIC were
collected the day of the euthanasia. IgM, IgA and IgG antibody titres to
HRV were quantified by ELISA. "Proportions in the same column with
different letters differ significantly (Fisher’s exact test).

3xAttHRV and 1xAttHRV groups. At PID 35/PCD 7, the per-
centage of pigs positive for IgG antibodies to HRV was highest in
the Att +2/6 VLP250-ISCOM and 2/6 VLP250-ISCOM groups.
IgG antibody titres were not detected in the control group by PID
35/PCD 7.

The Att + 2/6 VLP250-1SCOM group had the highest intestinal
1gA antibody titres detected prechallenge in small and large
intestinal contents

Antibody titres in LIC and SIC were measured by ELISA pre-
challenge (PID 28/PCD 0) and post-challenge (PID 35/PCD 7).
Antibody titres in LIC were analysed and were similar to SIC
antibody titres; for this reason the LIC data were omitted. Pre-
challenge in SIC, the Att +2/6 VLP250-ISCOM group had the
highest rotavirus-specific IgA and IgM antibody titres (Fig. 1). At
post-challenge, all groups had increased IgM and IgA antibody
titres (2-737-fold); the 3xAttHRV group had the lowest IgM anti-
body titre and the control group did not have IgA antibodies pre-
or post-challenge. The rotavirus-specific IgG antibody titres were
low pre- and post-challenge in the vaccine groups and the Att + 2/
6 VLP250-ISCOM and 2/6 VLP250-ISCOM groups had the high-
est titres post-challenge. The groups with the highest protection
rates, the 3xAttHRV and Att + 2/6 VLP250-ISCOM groups, had

the lowest antibody increases (0-26-fold) post-challenge com-
pared to prechallenge titres (PID 28/PCD 0) for IgA and IgM

(Fig. 1).

The first group to achieve 100% IgA serconversion was the

Att +2/6 VLP250-ISCOM group

All pigs from each of the vaccine groups had IgM antibody titres
to HRV from PID 10 until PID 35/PCD 7. The control group
developed IgM antibody titres only post-challenge at PID 35/
PCD 7 (Fig.2). Low titres of IgA antibodies to HRV in serum
were first detected in the Att + 2/6 VLP250-ISCOM group at PID
10, but the percentage of positive pigs did not differ significantly
compared to the other groups. At PID 21, 100% of the Att + 2/6
VLP250-ISCOM group had IgA antibody titres; the highest sero-
conversion rate detected followed by the 3xAttHRV and the
IxAttHRYV groups (74% and 72%, respectively). At PID 28/PCD
0, all the groups except for the 1xAttHRV (81%) and control
groups (0%) had 100% IgA seroconversion and at PID 35/PCD 7
all groups except for the control group had 100% IgA
seroconversion.

At PID 10, the groups that received oral AttHRV had the
highest rate of IgG seroconversion to HRV (18-51% compared to
0% of the 2/6 VLP250-ISCOM and control groups). After PID 21
all groups had 100% IgG seroconversion, except for the control
group.

Neutralizing antibody seroconversion was evident at PID 10
only in the groups that received oral AttHRV and 100% of the
pigs in these groups had VN antibody titres at PID 21 to PID
35/PCD 7 (data not shown). After challenge, 80% of the pigs
from the 2/6 VLP250-ISCOM group developed neutralizing
antibodies.

All groups that received AttHRV as a first dose had higher serum
IgM and IgG antibody titres at PID 28/PCD 0 and PID
35/PCD 7

Antibody titres to the cumulative three doses (PID 28/PCD 0)
and three doses plus challenge (PID 35/PCD 7) were measured
(Fig. 3). At PID 28/PCD 0, IgM and IgG antibody titres to HRV
were significantly higher in all the groups that received oral
AttHRV. The IgA antibody titres to HRV were higher in the
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Fig. 1. Small intestinal contents (SIC) geometric mean antibody titres (GMT, bars) at PID 28/PCD 0 and PID 35/PCD 7 of gnotobiotic
pigs receiving the various vaccination regimens. Pigs were inoculated with vaccines at PID 0, 10 and 21 and challenged at PID 28/PCD 0.
Approximately half the pigs were euthanized prechallenge at PID 28 and the rest of the group was euthanized post-challenge at PID 35/
PCD 7 and SIC/LIC was collected. Error bars represent standard error of the mean. Antibody titres that differ significantly are marked
with different letters (one-way ANOVA and Duncan’s multiple range test on log;,-transformed titres). C Numbers to the right of the bars
indicate fold increases of the PID 35/PCD 7 GMT over the PID 28/PCD 0 GMT.

Att +2/6 VLP250-ISCOM group, but these were statistically sim-
ilar to the 2/6 VLP250-ISCOM group.

At PID 35/PCD 7 IgM antibody titres were high, and
increased in all vaccine groups (7-6797-fold), but the 3xAttHRV
group had the lowest titres and no increase compared to prechal-
lenge (Fig.3). The IgA antibody titres to HRV increased in all
groups post-challenge (9-79-fold) but the 3xAttHRV group also
had the lowest titres and lowest increase (ninefold) and the con-
trol group did not show any increase. The IgG antibody titres to
HRYV were high in all the groups except for the control group. The

groups with the highest protection rates (3xAttHRV and Att +
2/6 VLP250-ISCOM) had the lowest antibody titre increases
post-challenge (0-15-fold) compared to prechallenge titres (PID
28/PCD 0).

Only groups that received AttHRV had neutralizing antibodies
to HRV prechallenge

From PID 10 to PID 28/PCD 0, only the three groups that
received oral AttHRYV as a first dose developed neutralizing anti-
bodies (Fig.4). However, by PID 28/PCD 0, both the Att +2/6
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Fig. 2. Serum IgM, IgA and IgG antibody seroconversion at PID 0, PID 10, PID 21, PID 28/PCD 0 and PID 35/PCD 7 of gnotobiotic pigs
receiving the various vaccination regimens. Pigs were inoculated with vaccines at PID 0, PID 10 and PID 21 and challenged at PID 28/
PCD 0. Approximately half the pigs were euthanized prechallenge at PID 28 and the rest of the group was euthanized post-challenge at
PID 35/PCD 7 and blood samples were collected at each of the different inoculation days. For each vaccination regimen, the number of
pigs that were positive for IgM, IgA and IgG antibodies to HRV at each inoculation day were divided by the total number of animals per
group and expressed as a percentage. Groups at the same PID with different letters differ significantly (Fisher’s exact test).
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Fig. 3. Serum IgM, IgA and IgG geometric mean antibody titres (GMT, bars) at PID 28/PCD 0 and PID 35/PCD 7 of gnotobiotic pigs
receiving the various vaccination regimens. Pigs were inoculated with vaccines at PID 0, PID 10 and PID 21 and challenged at PID 28/
PCD 0. Approximately half the pigs were euthanized prechallenge at PID 28 and the rest of the group was euthanized post-challenge at
PID 35/PCD 7 and blood samples were collected at each of the different inoculation days. Lines represent standard error of the mean.
Antibody titres that differ significantly are marked with different letters (one-way ANOVA and Duncan’s multiple range test on log;,-
transformed titres). CO Numbers to the right of the bars indicate fold increases of the PID 35/PCD 7 GMT over the PID 28/PCD 0 GMT.

VLP250-ISCOM and 3xAttHRYV groups had significantly higher
VN antibody titres than the 1xAttHRV group. At PID 35/PCD 7,
all vaccine groups had VN antibodies, but the ones that received
AttHRYV had the highest VN antibody titres (Fig. 4).

Serum antibody titres to HRV were consistently lower in the
groups that received 25 pug of 2/6 VLP compared to the 250 ng
2/6 VLP dose

Groups that received Att+2/6 VLP250-ISCOM, Att+2/6
VLP25-ISCOM, 2/6 VLP250-ISCOM and 2/6 VLP25-ISCOM

were tested to measure the effect of VLP-ISCOM dose on anti-
body titres (Fig.5) and protection rates (Table 1). The IgA, IgM
and IgG antibody titres to HRV were consistently lower in the
groups that received 25 ug of 2/6 VLP compared to the 250 ug 2/
6 VLP dose, but statistically lower responses were not detected at
all time-points (Fig.5). Lower protection rates were detected in
the Att +2/6 VLP25-ISCOM vaccination group (34% and 0%
protection against shedding and diarrhoea) than in the Att + 2/6
VLP250-ISCOM group. The 2/6 VLP-ISCOM 250 ug and 25 ug
vaccination regimes did not confer any protection.
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Fig. 4. Serum VN geometric mean antibody titres (GMT) at PID 0, PID 10, PID 21, PID 28/PCD 0 and PID 35/PCD 7 of gnotobiotic pigs
receiving the various vaccination regimens. Pigs were inoculated with vaccines at PID 0, PID 10 and PID 21 and challenged at PID 28/
PCD 0. Approximately half the pigs were euthanized prechallenge at PID 28 and the rest were euthanized post-challenge at PID 35/PCD
7. Blood samples were collected at each of the different inoculation days. Error bars represent standard error of the mean. VN antibody
titres at the same PID with different letters differ significantly (one-way ANOVA and Duncan’s multiple range test on log,,-transformed

titres).

DISCUSSION

We studied a new vaccination regimen consisting of priming with
oral AttHRYV and boosting with 2/6 VLP IN. Intestinal IgA anti-
bodies were significantly higher at PID 28/PCD 0 in the pigs that
received this vaccine regimen and the protection rates were sim-
ilar to those pigs that received three doses of AttHRV. Intranasal
vaccination has been proposed to be more effective than per oral
because of the low exposure of the immunogen to the adverse
conditions found in the gastrointestinal tract such as proteolytic
enzymes, extremes of pH and the abundance of different
commensals and non-commensal pathogens [35]. Responses in
nasal-associated lymphoid tissue (NALT) after IN inoculation
and gut-associated lymphoid tissue (GALT) after oral inoculation
were compared in mice inoculated with Streptococcus mutans sur-
face protein Agl/Agll coupled to subunit B of cholera toxin.
After IN inoculation, more Agl/Agll-specific IgA ASC were
located in NALT compared to the number of IgA ASC located in
the Peyer’s patches (PP) after oral inoculation with twice the
amount of antigen as was given by the nasal dose [1005 versus 6
IgA ASC in NALT and Peyer’s patches (PP), respectively] [35].

Intranasal inoculation of adult mice with inactivated rotavirus
gave better protection rates and higher intestinal and systemic
IgA antibody titres to rotavirus than oral inoculation [36]. Adult
mice inoculated IN with 2/6 VLPs and E. coli mLT had higher lev-
els of interleukin (IL)-2 and IL-5 in supernatants of stimulated
cells from spleen, mesenteric lymph nodes (MLN), cervical LN
and PP compared to the responses generated by the oral route
[37].

In our previous studies of pigs, we used ISCOM as adjuvant
and gave oral AttHRYV followed by oral 2/6 VLP250-ISCOM,
achieving 50% protection against diarrhoea and 75% protection
against shedding [6]. In the current study, oral inoculation of
AttHRYV and IN inoculation of 2/6 VLP250-ISCOM gave higher
protection rates against diarrhoea (71% ). We showed further that

the oral AttHRYV priming, IN 2/6 VLP-boosting regimen was bet-
ter than oral priming and oral boosting. It was highly immuno-
genic and induced protection rates similar to the actual vaccine
regimen of three oral doses of AttHRV. In a previous publication
from our laboratory we showed that the converse regimen, IN
priming with 2/6 VLP and oral boosting with AttHRV was much
less protective (17% and 25% protection against shedding and
diarrhoea, respectively) [5].

The mechanism of protection from an enteric pathogen
induced by IN vaccines has been examined in studies using por-
cine and murine models [5,25,36,38]. In the gnotobiotic pig
model, antibody responses after inoculation of oral Att+2/6
VLP250-ISCOM [39] or IN in the present study were similar
except for slightly higher intestinal IgA antibodies and a signifi-
cant boosting effect of the 2/6 VLP (in the Att +2/6 VLP250-
ISCOM compared to the 1xAttHRV) on VN antibodies by IN
route in the present report. The IN inoculation of the 2/6 VLPs
alone induced partial to complete protection (86-100%) against
rotavirus shedding in adult mice [40]. Adult mice knock-outs for
the polymeric immunoglobulin receptor (pIgR) (with low lev-
els of intestinal IgA and IgM) and previously inoculated with 2/
6 VLP IN were not protected against shedding after challenge
with virulent wild-type murine ECw rotavirus, suggesting that
transcytosis of IgA and/or IgM is necessary to achieve the pro-
tection conferred by IN inoculation with 2/6 VLP [38]. On the
other hand, IN and not oral inoculation of adult mice with inac-
tivated rotavirus induced higher IgA antibody titres in serum
and intestinal contents and complete or near-complete protec-
tion against rotavirus shedding upon challenge [36]. In order to
determine the origin of the antibodies, the authors measured
IgA antibodies in the supernatants of different lymphoid tissue
cultures. Interestingly, quantities of IgA antibodies were higher
in the supernatant from RALT (bronchial lymphoid tissue,
10-3 ng/ml) than in the supernatant from GALT (PP, 1 ng/ml),
suggesting that the major source of virus-specific IgA came

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 135:361-372



Antibody responses to intranasal 2/6 VLP with ISCOM in gnotobiotic pigs

369

100000 [
(2]
o
£ 10000 | .
C
s 1000 | - Att+2/6VLP250-ISCOM
£ -~ Att+2/6VLP25-1ISCOM
2 o0l -+ 2/6VLP250-ISCOM
= - 2/6VLP25-ISCOM
§ 10 |
(O]
IgM PIDO PID10 PID21 PID28/ PID35/
PCDO PCD7
PID/PCD
100000
3
£ 10000 t
§ 1000 | -=— Att+2/6VLP250-ISCOM
g —— Att+2/6VLP25-ISCOM
o —— 2/6VLP250-ISCOM
5 1007 —— 2/6VLP25-ISCOM
§ 10 |
(O]
IgA . . . . .
PIDO PID10 PID21 PID28/ PID35/
PCDO PCD7
PID/PCD
100000 |
1]
£ 10000 { .
S 1000 | -=— Att+2/6VLP250-ISCOM
2 —o— Att+2/6VLP25-ISCOM
o —— 2/6VLP250-ISCOM
=100 ¢ —+ 2/6VLP25-ISCOM
£ {
& 10 |
IgG 1

PIDO PID 10 PID21 PID28/ PID35/

PCD0O PCD7

PID/PCD

Fig. 5. Effect of dose of 2/6 VLP and ISCOM on IgM, IgA and IgG antibody titres to HRV in serum of Att+2/6 VLP-ISCOM (250 ug/
1250 pg or 25 ug/125 ug) and 2/6 VLP-ISCOM (250 ug/1250 ug or 25 ug/125 ug) pigs. Pigs were inoculated with vaccines at PID 0, 10 and
21 and challenged at PID 28/PCD 0. Approximately half the pigs were euthanized prechallenge at PID 28 and the rest of the group was
euthanized post-challenge at PID 35/PCD 7 and blood samples were collected at each of the different inoculation days. Error bars represent
standard error of the mean. Statistical analysis was performed between groups as follows: Att+2/6 VLP250-ISCOM versus Att+2/6 VLP25—
ISCOM and 2/6 VLP250-ISCOM versus 2/6 VLP25-ISCOM and significantly lower titres are marked with an asterisk (*) (one-way ANOVA

and Duncan’s multiple range test on log;y-transformed titres).

from RALT. However, the authors did not determine IgA anti-
body titres to rotavirus in intestinal contents at challenge, so it
is unknown if IgA was transudated from serum and, by this
mechanism, conferred protection against shedding. Adult mice
lacking pIgR and the molecule for intestinal trafficking, o4[7
still had IgA in intestinal contents suggesting that transport of
IgA from serum to the intestine may occur but the function of
this transudated immunoglobulin remains to be determined
[38,41]. In the study by Fromantin efal. [37], IL-2 and IL-5
responses to IN 2/6 VLP were higher than the responses gener-
ated by the oral 2/6 VLP inoculation suggesting that T cells
might play a greater role in the protection generated after IN 2/
6 VLP vaccination of mice.

Intestinal IgA has been suggested as a marker of protection
against reinfection after natural rotavirus infection in children
and after virus or viral antigen inoculation and challenge in pigs
and sucking mice [5,23-28,32,42]. Also in adult mice, [gA mono-
clonal antibodies to VP6 secreted by hybridoma cell backpack
tumours conferred protection against shedding [10], but contrary
findings with lack of protection were reported using a similar
approach in infant mice in which only neutralizing IgA mono-
clonal antibodies to VP8 were protective [11]. In the current
report, we showed that the Att+2/6 VLP-ISCOM vaccine
approach greatly increases IgA antibodies to HRV in large and
small intestinal contents, which was associated with higher
protection rates detected in this group of pigs. Future studies will
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assess the levels of protection conferred by a single dose of triple-
layered (2/6/4/7) VLPs + two doses of 2/6 VLPs in order to avoid
a first oral dose of AttHRV. The primary oral dose of the live
rhesus human rotavirus reassortment vaccine was correlated with
most of the cases of intussusception after vaccination of infants
[43].

Intestinal IgM was also high at PID 28/PCD 0 in the Att + 2/
6 VLP250-ISCOM group. In previous reports from our labora-
tory, gnotobiotic pigs inoculated with Wa HRV oral and Wa 2/6
VLPs IN with mutant E. coli mLT also had the highest rotavirus-
specific I[gM ASC in duodenum and ileum and intestinal IgM anti-
body titres to HRV [5,44]. Although IgM has been considered as
a primary immunoglobulin, previous studies have shown that
human intestinal IgM secreting plasma cells had 8-5% V region
gene mutation frequency compared to germline sequences and
that almost all the intestinal plasma cells had V region genes
mutated, suggesting that most of them come from germinal cen-
tres [45]. Human rearranged Vy gene IgM (+) memory B cells
from blood, tonsils and spleen showed mutation frequencies of
only 2-6% [43,46]. These data suggest that intestinal IgM
responses could be more than simply an expression of the
unprimed state of the host and might also be playing an important
role in protection against reinfection.

The antibody responses in serum clearly show that the groups
that received oral AttHRYV as a first dose had higher HRV-specific
IgM and VN titres from PID 10 until PID 28/PCD 0 (also PID 35/
PCD 7 for VN antibody titres) and IgA and IgG titres at PID 21
and PID 28/PCD 0. The VN antibody titres to HRV were statis-
tically higher in the 3xAttHRV and Att +2/6 VLP250-ISCOM
groups compared to the 1xAttHRYV, 2/6 VLP250-ISCOM and
control groups at PID 28/PCD 0 suggesting that the second and
third doses of 2/6 VLP could boost the antibody responses for the
generation of VN antibodies without necessarily expressing the
proteins (VP4 and VP7) containing the neutralization epitopes
and that this strategy was as effective as giving three doses of oral
AttHRV. This trend was described previously by our laboratory,
and higher, but not statistically significant responses were
detected after the oral AttHRYV dose followed by 2/6 VLP-E.coli
mLT IN [5]. No VN antibodies were detected in the 2/6 VLP250—
ISCOM or 2/6 VLP25-ISCOM groups. The serum IgA antibody
titres to HRV were highest in the Att+2/6 VLP250-ISCOM
group at PID 21 (which was also the group with the highest per-
centage of pigs that seroconverted to IgA) and at PID 28/PCD 0,
but statistically similar to the 2/6 VLP250-ISCOM group at PID
28/PCD 0. Post-challenge, the groups with the highest protection
rates had the lowest antibody titre increases as described previ-
ously in mice [47] and in our previous studies of pigs [39,46]

Investigators previously used a variety of viruses, including
rotavirus, influenza virus and human immunodeficiency virus
with ISCOM adjuvant for vaccine studies in humans and animals
[6,18,19]. Studies with influenza vaccine have shown that ISCOM
can enhance either the production of mucosal (virus-specific
IgA) or systemic (lymphocyte proliferation and cytotoxic activ-
ity) responses measured in vitro [17]. Previous studies from our
laboratory showed that AttHRV + 2/6 VLP-induced moderate
protection rates and intestinal antibody secreting cell (ASC)
responses in gnotobiotic pigs using mutant E. coli heat-labile
toxin (mLT) as adjuvant. Somewhat lower protection rates
against virus shedding (58%) and diarrhoea (44%) were noted
[5]. In the current study we demonstrated that the use of
ISCOMs increased protection rates, they did not induce toxicity

in the animals and they may be promising for future use in
humans [15].

In summary, 2/6 VLP IN increased systemic IgA antibody
titres to HRV but only low titres of intestinal IgA antibodies were
induced. Three doses of oral AttHRV stimulated intermediate
titres of systemic IgA antibodies compared to the Att+2/6
VLP250-ISCOM and 2/6 VLP250-ISCOM group responses and
lower titres of intestinal IgA antibodies than the Att+2/6
VLP250-ISCOM group. Priming with oral AttHRYV followed by
boosting with 2/6 VLP250 IN increased systemic and intestinal
IgA antibody responses. Based on these results, even though
Att + 2/6 VLP250-ISCOM and 3xAttHRYV vaccine regimes stim-
ulated the highest protection rates, it seems that each regimen
may stimulate different types of immune responses since IgA and
IgM intestinal antibody responses differed between these groups.
There is evidence that adult mice inoculated with live rotavirus
depend more on B cell immunity compared to mice inoculated IN
with the chimeric protein VP6 + E. coli-labile toxin depend more
on CD4 T cells, suggesting that successful protection can be
achieved by different immune mechanisms [48]. It is possible that
protection induced by 3xAttHRYV is more dependent on VN anti-
bodies than that induced by the Att + 2/6 VLP250-ISCOM vac-
cine; however, both groups had similar levels of serum VN
antibody titres. The VN antibody responses in intestinal contents
are difficult to assess, but a comparison of T cell responses in the
Att + 2/6 VLP250-ISCOM and 3xAttHRV groups is feasible to
explore further the mechanisms of protection stimulated by each
vaccine regimen.
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